Fibroblast growth factor homologous factors (FHFs) are a noncanonical subset of intracellular fibroblast growth factors that have been implicated in a variety of neurobiological processes and in disease. They are most prominently regulators of voltage-gated Na + channels (Na V s). In this review, we discuss new insights into how FHFs modulate Na V s. This is followed by a summary of a growing body of evidence that FHFs operate in much broader fashion. Finally, we highlight unknown aspects of FHF function as areas of future interest.
Background
The discovery and early history of fibroblast growth factor homologous factors (FHFs) has been reviewed elsewhere (Goldfarb 2005) . Briefly, FHFs were first identified as fibroblast growth factor (FGF)-like cDNAs during a search for novel retinal-specific genes. The FHFs are composed of four members of the FGF superfamily: FGF11, FGF12, FGF13, and FGF14 (also known as FHF3, FHF1, FHF2, and FHF4, respectively). Each member has at least two distinct isoforms generated by alternative splicing of different first exons. FGF13 displays the most extensive isoform diversity with at least five different isoforms ( Fig. 1 ) (Munoz-Sanjuan and others 2000; Smallwood and others 1996) . Several of the alternatively spliced isoforms have a restricted nuclear localization (Smallwood and others 1996) . Their roles within the nucleus have not yet been determined.
Though similar in overall structure to the FGFs (see next section), important differences render FHFs incapable of activating FGF receptors. First, lacking a signal sequence in their N-termini, they are not secreted extracellularly (Smallwood and others 1996) and thus are unavailable to bind to FGF receptors. Additionally, specific structural differences appear to prevent FHFs from being able to activate FGF receptors (Olsen and others 2003) .
The first breakthrough in understanding roles for FHFs as non-growth factors came when Waxman and colleagues identified FGF12B (also called FHF1B) while screening for proteins that interact with the intracellular C-terminal tail of the voltage-gated sodium channel Na V 1.9 (Liu and others 2001) . Since then it has become clear that FHFs are critical cytoplasmic Na V regulators that determine the in vivo kinetic parameters of channel function and at least in some neurons may also control Na V subcellular localization (discussed in detail in the section "FHFs Regulate Voltage-Gated Sodium Channels").
Interestingly, FHFs have been implicated in neurobiological disease. The best defined link is for spinocerebellar ataxia 27 (SCA27). SCA27 was mapped to FGF14 in a Dutch kindred in whom all affected individuals harbored a heterozygous phenylalanine to serine point mutation (corresponding to F145S in FGF14A or F150S in FGF14B) (van Swieten and others 2003). Additional FGF14 mutations have been described in other patients with spinocerebellar ataxia (Dalski and others 2005) . Consistent with this disease association, mice that lack Fgf14 are ataxic and perform poorly in motor behavioral tasks, recapitulating major phenotypes observed in SCA27 patients (Wang and others 2002) . Because heterozygous Fgf14 +/mice have not been reported to display an obvious phenotype, it appears that the F150S mutation in the Dutch kindred must act as a dominant-negative loss-of-function mutation. Beyond SCA27 associated with FGF14, there are suggestions that FGF13 is a locus for neuropsychiatric diseases. FGF13 is located on the chromosomal segment that maps to an X-linked spinocerebellar ataxia (SCAX5) (Zanni and others 2008) . Linkage analysis has also implicated FGF13 in X-linked mental disorders such as Borjesson-Forssman-Lehmann syndrome (Gecz and others 1999) . Possible mechanisms for FHF dysfunction in neural disease are discussed further in the section "Unexplored Questions and Future Directions."
The Structure of FHFs
Crystal structures of FGF12B, FGF13S, and FGF13U show that the FHFs do not only share sequence homology with the FGFs but are structurally similar to FGFs, with the minor, but important differences for engaging FGF receptors, as noted in the previous section (Goetz and others 2009; Olsen and others 2003; Wang and others 2012; Wang and others 2014) . FHFs and canonical FGFs contain 12 antiparallel β strands arranged in a structure with pseudo threefold-symmetry called a β-trefoil (Olsen and others 2003; Zhu and others 1991) . Non-homologous substitutions in FHFs of a few amino acids known to be critical for FGF interaction with FGF receptors may introduce steric clashes or remove hydrogen bonds thus rendering FHFs incapable of binding FGF receptors (Olsen and others 2003) . There is no structural information on the extended FHF N-and C-termini, which are not found on the canonical FGFs (Fig. 1) .
The interaction sites between FHFs and Na V channels have recently been defined at the atomic level, extending our understanding of how FHFs bind to the Na V intracellular C-terminus, a rich site of protein interactions and Na V modulation (Liu and others 2001; Liu and others 2003; Olsen and others 2003) . Crystal structures of ternary complexes containing an FHF, a Na V C-terminus and calmodulin reveal how specific amino acids conserved among all four FHFs form protrusions that fit into Na V C-terminus depressions that are comprised of amino acids conserved across the Na V channel family (Wang Figure 1 . The organization of fibroblast growth factor homologous factor (FHF) domains. All four members of the FHF family share a highly similar core region homologous to the canonical fibroblast growth factor (FGF) β-trefoil core. In addition, FHFs have extended N-and C-termini. Each member of the FHF family has isoforms that are generated by the alternative splicing of different first exons thus leading to proteins that are identical except for their N-termini. FGF11, 12, and 14 have two isoforms each while FGF13 has five. and others 2012; Wang and others 2014; Yan and others 2014). Critical among these protrusions on the FHF are Leu 56 and Arg 57 (numbered according to FGF13U), which interact with Na V His 1849 and Asp 1852 (numbered according to Na V 1.5). Indeed, mutation of Arg 57 is sufficient to completely abrogate interaction with the Na V channel (Fig. 2 ) (Yan and others 2014). These new structures also provide insight into how FHFs differentially modulate specific Na V channels. For example, a negatively charged Lys 14 in FGF13U (Lys 9 in FGF12B) forms a salt bridge with a positively charged Glu 1890 in Na V 1.5. In Na V 1.1 however the corresponding residue is a neutral glutamine (Gln 1904 ). Disruption of this salt bridge explains why FGF12B regulates Na V 1.5 but has no effect on Na V 1.1 (Wang and others 2012; Wang and others 2011) and provides a basis for why the nearby Q7R mutation in FGF12 affects cardiac Na V 1.5 channel function and leads to a cardiac arrhythmia syndrome (Hennessey and others 2013).
FHFs Regulate Voltage-Gated Sodium Channels
The best characterized role for FHFs is the regulation of voltage-gated sodium channels. Besides directly binding to Na V s (see previous section), FHFs are enriched in neuronal subdomains where Na V s concentrate. FGF14 in both the hippocampus and the cerebellum localizes to the axon initial segment, the proximal region of the axon where action potentials initiate and Na V s are highly concentrated (Goldfarb and others 2007; Lou and others 2005) . FGF13U (also FGF13B) localizes to nodes of Ranvier, another location at which Na V s concentrate in order to propagate action potentials down the length of an axon (Wittmack and others 2004) .
Fibroblast growth factor homologous factors have profound effects on neuronal Na V s in heterologous expression systems, but the specific effects depend on the individual FHF and Na V pair studied. The fact that different isoforms of the same FHF can have contrasting effects on particular kinetic parameters has been a recurring theme for FHFs. For example, both S and U (also known as A and B) isoforms of FGF13 increase Nav1.6 currents in the DRG-derived cell line ND7/23 and shift steadystate inactivation to more depolarized voltages yet the two FGF13 isoforms impart different effects on recovery from inactivation. While FGF13S greatly slows Na V 1.6 recovery from inactivation, FGF13U does not show any appreciable effect (Rush and others 2006; Wittmack and others 2004) . Moreover, the same FHF isoform may have different effects on different Na V channels. For example, in heterologous expression systems steady-state inactivation of neuronal Na V 1.2 and Na V 1.6 sodium channels are differentially regulated by FGF14A and FGF14B. FGF14A shifts steady-state inactivation of Na V 1.2 to more depolarized voltages while FGF14B exhibits no significant effect. In contrast, both isoforms shift the steady-state state inactivation of Na V 1.6 to more depolarized voltages ).
An additional layer of complexity is that these effects differ depending on the system in which they are studied. While FGF14b overexpression leads to a reduction in current density for any Na V isoform coexpressed in HEK cells, the same isoform when transfected into hippocampal neurons actually increases current density (Lou and others 2005; Laezza and others 2009 ). Furthermore, cultured cerebellar granule cells from Fgf12 −/− ;Fgf14 −/− knock-out mice do not display any differences in Na V current density (compared with wild-type controls), while Fgf12 −/− ;Fgf14 −/− neurons in slices have significantly smaller transient Na V peaks (Goldfarb and others 2007) .
Although dissecting the individual roles of specific FHFs may be challenging in the face of such observations, it remains clear that FHFs are critical in setting Na V kinetic parameters important for normal neuronal physiology. Both Fgf14 −/− Purkinje neurons and Fgf12 −/− ;Fgf14 −/− granule cells are much less excitable and fire fewer spontaneous or evoked action potentials when compared to control cells (Shakkottai and others 2009; Goldfarb and others 2007) . In Fgf12 −/− ;Fgf14 −/− granule cells this is because Na V s inactivate at more negative voltages, are quicker to inactivate, and slower to recover from inactivation (Goldfarb and others 2007) . Another consequence of FGF14 loss-of-function is a decrease in Purkinje cell "resurgent" current, a component of Na V current that manifests when Na V s Figure 2 . The Na V binding site of fibroblast growth factor homologous factors (FHFs). Crystal structures of FHFs in complex with Na V s show that this interaction depends on FHF "protrusions" that fit into Na V "depressions." Shown here is a representative ribbon diagram of an FHF (FGF13) binding to a space-filling model of a Na V C-terminus. The Arg57 residue on FHFs is highlighted in yellow as mutation of this residue is sufficient to abrogate FHF-Na V binding. are protected from inactivation by a putative "blocking particle." This normally allows Na V s to reopen quickly and facilitates Purkinje cells' ability to fire subsequent closely timed action potentials (Yan and others 2014) . FGF14 knockdown biases the Na V channels toward an inactivated state that decreases resurgent current and consequently the rate of firing. While this regulation is imparted by the B isoform of FGF14, the A isoforms of the FHFs also compete with intrinsic Na V fast inactivation for a different purpose: to decrease action potential firing during a steady excitatory current (Dover and others 2010; Venkatesan and others 2014).
Fibroblast growth factor homologous factors have been suggested to regulate the localization of Na V s, particularly to the axon initial segment, although the results have also been mixed. A modest decrease in Nav1.1 and Nav1.6 immunofluorescence within axon initial segments was detected in Fgf14 −/− Purkinje neurons (Shakkottai and others 2009; Xiao and others 2013) . In contrast, no such decrease has been reported in Fgf12 −/− ;Fgf14 −/− cerebellar granule cells (Goldfarb and others 2007) . Interestingly, expression of the SCA27 mutant FGF14 F150S in hippocampal cells caused reduction of both Na V immunofluorescence and current density (Laezza and others 2007) . Whether these contrasting results derive from cell-type differences between the cerebellum and the hippocampus, or from how closely FGF14 F150S recapitulates FGF14 knockdown remains to be elucidated.
Kinase signaling cascades that affect Na V regulation may do so through FHFs. The FGF14-Na V complex was identified as a target for the kinase glycogen synthase 3 (GSK3). GSK3 inhibition reduces the localization of both Na V and FGF14 at the axon initial segment, indicating that a kinase pathway is important for the assembly of this protein complex in neurons (Shavkunov and others 2013) .
FHFs Regulate Voltage-Gated Calcium Channels and Synaptic Transmission
Recent reports have shown that FHFs also influence voltage-gated Ca 2+ channels (Ca V s). shRNA-mediated knockdown of Fgf14 in cerebellar Purkinje neurons leads to a pronounced decrease in the currents flowing through Ca V s. In a heterologous expression system FGF14 increases current density through the presynaptic Ca V 2.1 and Ca V 2.2 but not through the somatodendritic L-type Ca V 1.2 or R-type Ca V 2.3. Similar to the observations with Na V channels, these data demonstrate that FHFs exert specific effects on different Ca V channel targets. Examining synaptic transmission at the granule cell to Purkinje cell synapse showed the consequences of Ca V regulation by FHFs. FGF14 knockdown in the presynaptic granule cells alters short-term plasticity (as measured by postsynaptic responses to paired pulse stimuli) in the manner that would be expected from a decrease in presynaptic calcium influx (Yan and others 2013) . Consistent with this observation of impaired synaptic transmission at the granule cell to Purkinje cell synapse is a report that Fgf14 −/− mice display impaired hippocampal synaptic transmission and plasticity due to reduced presynaptic function (Wozniak and others 2007; Xiao and others 2007) .
The mechanism by which FGF14 increases current density through presynaptic Ca V s appears to be through increasing the number of Ca V s present at the cell membrane rather than by affecting single channel function. How FGF14 regulates the number of Ca V s at the synaptic membrane remains unclear, however, as FHFs and Cavs do not display a direct interaction analogous to FHFs and Na V s.
FHFs Have Been Implicated in Novel Roles outside Channel Regulation
Because of the similarity between FHFs and canonical FGFs, several investigations have focused on whether FHFs show functions different from voltage-gated ion channel modulation. A yeast two-hybrid screen for FGF12 interacting proteins yielded the MAPK scaffold protein islet brain-2 (IB2). Co-immunoprecipitation experiments confirmed an interaction in cerebellar lysates. The consequences of this interaction are not clear, but in HEK293T cells FGF12-IB2 recruits MAPK p38δ and thus activates signal transduction down the MAPK pathway Goldfarb 2001, 2002) . Whether this holds true in the brain and what this signaling module may do is not known. FGF12B was also identified as a novel interactor of NEMO, which is a critical subunit of IκB kinase (IKK) whose activity eventually leads to activation and nuclear translocation of the transcription factor NF-κB. Overexpression and knockdown experiments showed that FGF12B is a negative regulator of NEMO and thus of NF-κB. FGF12B knockdown increased neuronal arborization, neurite lengths and dendritic spine numbers in a NEMO-dependent manner (Konig and others 2012) . Together with the report that the Na V -FGF14 complex is a GSK3 target (see section "FHFs Regulate Voltage-Gated Sodium Channels"), these results implicate FHFs as participants in kinase signaling cascades.
FGF12B's regulation of neuronal morphology is not the only evidence that FHFs shape neuronal architecture. Knockdown of FGF13 in cultured neurons leads to non-polarized neurons wherein all neurites maintained dendritic characteristics. The number of dendritic branches increases and the cells that do have axons often have axons that are abnormally branched. The failure to form proper axons leads to deficits in cortical migration, as seen in Fgf13 −/Y hemizygous mice, which display disordered cortical layers during development. The underlying mechanism is hypothesized to involve FGF13 stabilization of microtubules through a direct interaction with β-tubulin (Wu and others 2012) . Intriguingly, the FHF interacting protein IB2 (discussed above) also associates with microtubules Goldfarb 2001, 2002) . Thus, FHFs may play several roles in regulating the neuronal cytoskeleton, whether through signaling pathways that culminate in cytoskeletal changes or by directly interacting with components of the cytoskeleton.
Unexplored Questions and Future Directions
As discussed in the section "FHFs Regulate Voltage-Gated Sodium Channels," a challenging problem in the study of FHFs is that their modulatory effects on ion channels in heterologous expression systems are not always consistent with observations from in vivo models. As a case in point, manipulation of FHFs affects channel current density in heterologous systems and in vivo (Laezza and others 2007; Laezza and others 2009; Lou and others 2005; Rush and others 2006; Wittmack and others 2004; Yan and others 2013) , but not always in a consistent direction. Reasons underlying these differences are not clear, but may relate to the effects FHFs appear to exert on trafficking and targeting ion channels to the plasma membrane and inherent differences in how this occurs in neurons versus heterologous expression systems. Ion channels travel to the plasma membrane through the endoplasmic reticulum-Golgi pathway and via vesicular transport along the microtubule cytoskeleton (Barry and others 2014; Kaplan and others 2001; Xu and others 2010; Zhang and others 2012) . They are removed from the membrane via endocytosis (Fache and others 2004) . For reviews of neuronal voltage-gated ion channel trafficking see Lai and Jan 2006; Leterrier and others 2011; Vacher and Trimmer 2012 . Thus, FHFs may be involved in anterograde or retrograde trafficking, or both, and the aspects of the machinery necessary for these processes may differ between neurons and heterologous expression systems. FHFs could conceivably act as adaptors anchoring channel containing vesicles to motor proteins or as cytoskeleton bound regulators orienting traffic toward specific domains within the cell. For example, a report that the Na V scaffolding molecule ankyrin G interacts with kinesin-1 to regulate Na V trafficking raises the possibility that FHFs may play a similar role (Barry and others 2014) . The direct interaction between FHFs and Na V channels provides a mechanistic suggestion for Na V channel trafficking, yet how FHFs participate in the regulation of surface quantities of Ca V channels, which do not bind FHFs directly, would seem to be different.
The specific mechanisms by which FGF14 mutations cause disease phenotypes such as spinocerebellar ataxia also remain unclear, thus preventing a complete understanding of the underlying pathology and potential therapeutic strategies. Loss-of-function FGF14 mutations that affect neuronal excitability could do so by loss-of-function effects on Na V channels and resultant decreased cellular firing; by reducing Ca 2+ influx through presynaptic Ca V channels; or through both mechanisms. Other ataxias have been attributed to effects on either Na V or on Ca V channels (Shakkottai and Paulson 2009) but none have yet been shown to be caused by effects on both.
Beyond spinocerebellar ataxia, deficiencies in FHF function have also been associated with cognitive impairment in mouse behavioral models as well as in humans (Brusse and others 2006) , but the underlying molecular mechanisms are not known. Ffg14 −/− mice displayed impaired acquisition performance in a Morris water maze test (Wozniak and others 2007) . Interestingly, Ffg13 −/Y hemizygous mice exhibit the same acquisition deficit as well as a decreased time in the target quadrant. No motor deficits were observed for these mice (Wu and others 2012) . These observations and those discussed previously in this review imply that FHFs play important roles in establishing normal central nervous system circuitry probably through several distinct yet possibly related mechanisms: by setting electrophysiological parameters determining excitability, by contributing to normal synaptic function and plasticity, or through morphological changes in neurite patterning and cortical cell migration. It is likely that different FHF family members have varying levels of contribution to these processes but the degree to which any two FHFs are redundant remains incompletely understood.
Finally, certain FHF splice variants are localized within the nucleus, but the functions of this subset of FHFs remain unknown (Smallwood and others 1996) . It is unlikely that these nuclear-localized splice variants affect Na V or Ca V channels, thus suggesting other functions such as transcription or gene expression, but this has not yet been established.
Summary
Fibroblast growth factor homologous factors are emerging as an intriguing family of molecules that have broad effects on neuronal function, playing critical roles in the development, physiology, and disease of the mammalian nervous system (Fig. 3 ). Though FHFs have been established as intracellular modulators of voltage-gated sodium channels, much is still unknown about their specific modes of action and their roles in other neurobiological processes. Answering these questions will not only enlighten specific roles for FHFs but also reveal novel aspects of neuronal cell biology and yield insight into disease mechanisms. Figure 3 . The diversity of fibroblast growth factor homologous factor (FHF) functions. Shown is a summary of the various FHF functions discussed in the text. Functions directly supported by evidence in the literature are in black text while functions that have only been speculated at are in violet.
